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• Various pelletized fuels can be gasified in a single automated downdraft gasifier. 
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Till now mainly commercially available downdraft gasifiers are constructed and developed for a 
clean and well prepared woody biomass, like wood chips. However, recently, wastes, such as sewage 
sludge, farm litter or harvested agricultural waste, are of great interest to end users. Desirable that facility 
like gasifiers could be able to recognize different waste types and properly adapt to the required 
processes. 

The paper presents the results of experimental investigations in a downdraft gasifier using different 
types of fuel and waste to compare process performance and estimate the potential to gasify various 
feedstock types in a single fully automated device. Several types of feedstock were used in investigations: 
wood chips, pellets from wood, rape straw, poultry litter, dried sewage sludge and their mix with wood. 
The experimental analysis evaluates and reveals the differences in process parameters such as temper¬ 
atures, pressure drop of a bed, products composition and yields, process efficiencies associated with the 
gasification of various feedstock. Established, that the proper automation of multi-fuel downdraft gasifier 
should contain a residual discharge and fuel feed control according to optimized the pressure value, 
whereas air flow supply automation is possible due to staged air adjustments and must be followed by a 
char discharge system. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

For small industrial plants in small countries like Lithuania that 
do not possess fossil fuel resources, small capacity (1—4 MW) gas 
generators are a subject of great interest. Fixed bed downdraft 
gasifiers are most suitable for the production of gas on small scales 
[1]. Historically, most downdraft gasifiers were designed to gasify 
large-sized woody fuels [2]. However, recently, wastes, such as 
sewage sludge, farm litter, and harvested agricultural waste, are of 
great interest to end users. The shape of various obtained wastes 
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mostly there are in the form of small particles that need to be 
correctly pretreated before being used in a gasification unit. The 
most common pre-treatment is still to either perform pelleting or 
briquetting processes on the material [3]. 

The downdraft gasification of the larger-sized biomass is not 
cumbersome for process performance, whereas small pieces in¬ 
crease the complexity. First, fine particles change the fluid dy¬ 
namics of the gasification process. The pressure drop across the 
gasifier bed increases with a decrease in the amount of char par¬ 
ticulates present in the reduction zone so that the dominating 
factor becomes the char bed porosity. Erlich and Fransson [4] 
maintain that the pressure drop should be higher when using 
more reactive fuel pellets, such as wood. Therefore, the tempera¬ 
ture in the combustion zone increases, which leads to more intense 
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Fig. 1 . Feedstocks used in experimental investigation: A - wood chips; B - wood pellets; C - rape straw pellets; D - poultry litter pellets; E - sewage sludge-sawdust pellets 
(70 -f 30 wt.%); F - mix of sewage sludge/wood pellets (50 50 wt.%). 


reduction reactions and causes the production of smaller char 
particulates. Simone et al. [5] experimentally analyzed the gasifi¬ 
cation of pelletized wood sawdust mixed with sunflower seeds in a 
200 kW t h downdraft gasifier. Significant attention was paid to the 
evaluation of the pressure drop across the bed. The pressure drop 
behavior was found to depend on several factors: first, the bed 
material and fuel morphology and, second, the producer gas flow 
rate. Additionally, the same researchers [6] revealed a new factor 
enabling the means to control the frequency of the char discharge 
and presented optimal values for their gasifier. However, they 
concluded that the pelletized biomass is not an ideal material for 
downdraft gasifiers because of the very unstable and variable bed 
resistance, which causes problems for gasifier controls and gener¬ 
ates significant residue. Similar conclusions made by Prasad et al. 
[7] even at gasification of larger sized pellets. 

The next problem related to fine particles is the process tem¬ 
perature. The gasification process temperature is directly related to 
the air equivalence ratio (ER); i.e., more air leads to higher com¬ 
bustion temperatures. However, during the gasification of fine fuel, 
air access becomes limited because of the pressure drop. For the 
gasification of larger-sized fuels, such as wood briquettes or even 
wood chips, the gasification temperature should be kept as high as 
possible due to the low resistance of the layer. For instance, Olgun 
et al. [8 performed an experimental study on a downdraft gasifier 
system where wood chips and hazelnut shells were used as the fuel. 
From these experiments, it is evident that the authors could easily 
achieve temperatures of 1200 °C at ER = 0.35. The large-dimension 
(20 x 10 mm) feedstock made from oil palm fronds was tested in a 
50 kW downdraft gasifier [9]. The effect of temperature over the 
range of 500 to 1200 °C was studied. The authors concluded that 
the higher temperatures in the combustion zone favor endothermic 
reactions where CO 2 and H 2 0 are consumed and combustible gases 
with higher concentrations of CO are produced via reactions with 


residual C. The optimal ER was identified as 0.37, which corre¬ 
sponded to a carbon conversion efficiency of 93%. Similar results 
were obtained for the gasification of other feedstock types 
including furniture wood and wood chips 10]. Compared to the 
pelletized fuels gasified in downdraft reactors, the range of tem¬ 
peratures varies. The maximum temperatures that have been 
achieved are 700—1200 °C by Erlich and Fransson [4], 1104 °C by 
Simone et al. [5], 600-850 °C by Yoon et al. [11 ] and 600-1000 °C 
by Kyriakos et al. [12]. The temperature depends on gasifier, feed¬ 
stock types and working parameters but is generally lower; 
otherwise, the bed resistance increases considerably. At higher ERs, 
the pressure drop may exceed 0.6 kPa [4] or even reach 5 kPa [5]. 
The pressure drop may be a few times smaller when compared to 
that of larger feedstock [13]. 

The literature review shows that gasification of different feed¬ 
stock in downdraft gasifiers entails certain difficulties. The nature 
of the feedstock may impose a maximum temperature limit, the 
fluid dynamics and pressure drop fluctuation, variation in product 
composition, overall gasification process efficiency or feedstock 
conversion ratio. The variation of process parameters leads to the 
difficulties for the proper and reliable automated control of gasifi¬ 
cation process. The mentioned restrictions limits the availability of 
commercial fuel-flexible and self-controlled small-scale gasifiers. 
The latest research in downdraft gasification shows the trend on 
system automation [14] or [15], but mostly dedicates to a single 
well-defined feedstock sort. It is desirable that facilities like gasifier 
could be able to recognize different feedstock types and properly 
self-adapt to the required processes. Therefore, the purpose of this 
work is to perform experimental investigations of gasification 
process in a downdraft gasifier using different types of fuel and 
waste in order to compare process performance and estimate the 
feasibility of gasification of various feedstock types in a single 
automated self-controlling device. 


Table 1 

Characteristics of feedstock used in experimental investigation. 


Parameter 

Mixed 
wood chips 

Softwood 

pellets 

Rape straw 
pellets 

Poultry 
litter pellets 

Sewage 

sludge-sawdust 

pellets 

Mix of sewage 
sludge/wood pellets 

Proximate analysis wt.% 

Moisture 

10.6 

5.2 

14.9 

7.6 

4.4 

4.0/5.2 

Volatiles 

75.8 

79.2 

62.5 

63.6 

59.5 

51.1/79.2 

Fixed carbon 

12.8 

15.2 

17.2 

15.3 

14.3 

13.9/15.2 

Ash 

0.8 

0.4 

5.4 

13.5 

21.8 

31.0/0.4 

HHV (MJ/kg) 

17.3 

19.0 

16.2 

16.8 

17.8 

17.3/19.0 

Ultimate analysis wt.% (dry basis) 
Carbon 

48.77 

49.20 

39.60 

43.98 

41.08 

40.05/49.20 

Hydrogen 

5.85 

6.20 

5.60 

5.16 

5.51 

5.15/6.20 

Oxygen (diff.) 

44.52 

44.06 

48.54 

31.98 

26.90 

16.40/44.06 

Nitrogen 

0.05 

0.08 

0.78 

4.63 

3.77 

5.85/0.08 

Sulfur 

0.01 

0.06 

0.08 

0.75 

0.94 

1.55/0.06 

Ash softening temperature, °C 

1270 

1315 

1067 

1290 

1158 

1106/1315 

Fuel particulates, mm 

20-50 

8 

8 

8 

8 

3-10/8 
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Fig. 2. Scheme and photo of the experimental setup. 


2. Material and methods 

2.1. Biomass characteristics 

Several types of feedstock were used in these investigation: 
wood chips (WC), pellets made from softwood sawdust (WP), rape 
straw (SP), poultry manure with litter from softwood sawdust (PP), 
dried sewage sludge (70 wt.%) mixed with softwood sawdust 
(30 wt.%) (SSP) and dried sewage sludge (50 wt.%) mixed with 
softwood pellets (50 wt.%) (SSW) (Fig. 1). The characteristics of the 
feedstocks are presented in Table 1. Feedstock analyses were per¬ 
formed using an IKA C5000 calorimeter, a Flash 2000 CHNS 
analyzer and a NETZSCFI STA 449 F3 Jupiter thermogravimeter. 


2.2. Experimental setup 

The scheme and photo of experimental setup is presented in 
Fig. 2. The system consists of four parts: the biomass feed system, 



the downdraft gasifier, the heat recuperator and a boiler with a 
burner. The feedstock is supplied to the gasification reactor from 
the hopper by a screw feeder that moves downward in a tightly 
closed vessel. A custom developed mechanical level measuring 
device automatically maintains a constant feedstock level in the 
reactor. The air necessary for combustion is supplied by a blower 
directed perpendicularly around the combustion zone so that the 
required temperature is maintained over a small height range. The 
residual char is additionally gasified by secondary and tertiary air 
supplies. The residue from the gasification process, including char 
and ash, is extracted through a moving grate and stored in a char/ 
ash container. Producer gas flows through the char that accumu¬ 
lates at the bottom of the reactor and travels upward through 
insulated pipes to the heat recuperator to pre-heat the primary air. 
The partially cooled producer gas exiting the recuperator is directed 
to the burner inside a VK21 water heating boiler. A Bentone com¬ 
pany B40A liquid fuel burner is used in the boiler. The burner is 
modified for the co-combustion of producer gas via special orifices 
that are installed to inject the producer gas into the burner. An 
exhaust gas blower discharges the combusted gas into the atmo¬ 
sphere through a smoke stack. The entire gasification process is 
automated and self-controlled from a control desk installed outside 
the reactor. The main operating parameters are collected and stored 
in a remote computer. 

The gasification reactor was designed according to known 
published technologies [16]. A detailed explanation is presented in 
Fig. 3. The throat diameter was 130 mm. The diameter of the tuyere 
position in reactor was 200 mm, according to experimental results. 
The height between the tuyeres and the throat was 110 mm. The 
diameter of the reactor above the throat was 400 mm. Although the 
real working diameter depends on the immersion of the tuyere, at 
the current position the real working diameter was approximately 
250 mm. The remainder of pelletized feedstock behaves as thermal 
insulation. The diameter of the reduction zone is 300 mm. The 
height of the upper part of the reactor is 600 mm. The height of the 
reduction zone is 430 mm. The improvements introduced in this 
work include the restricted char reduction zone with walls and a 
moving grate at the bottom. This allowed for full control over the 
discharge of the char/ash mixture and ended the necessity to sweep 
out of the light char particles. The second addition was the intro¬ 
duction of a staged air supply to maintain a high and uniform 
temperature in the reduction zone. Other gasifier design parame¬ 
ters are presented in Table 2. 


2.3. Principle of gasifier system automation 


Fig. 3. Scheme of the experimental downdraft reactor T1-T6- temperature sensors; P The gasifier automation is based on the closed loop PID control 

- pressure sensor; l - level sensor. system. Three main loops are implemented to control main 





























































1154 


N. Striugas et al. / Applied Thermal Engineering 73 (2014) 1151-1159 


Table 2 

Design parameters of gasifier. 


Parameter 

Value 

Fuel consumption, kg/h 

50 

Heat capacity (according fuel), kW 

250 

Air equivalence ratio (ER) 

0.25 

Stoichiometric air at ER, Nm 3 /h 

Maximum staged air flows, Nm 3 /h: 

60 

primary 

50 

secondary 

15 

tertiary 

30 

Producer gas yield, Nm 3 /kg 

Superficial velocity, m/s: 

2 

throat 

2.1 

reduction 

0.4 

Cold gas efficiency 

0.75 

Heart load, MW/m 2 

14 


parameters such as air supply, feedstock feeding and char/ash 
discharge. 

A simple PID controller implements the automation of the air 
supply where the output signal adjusts the frequency of the air 
blower. The primary and secondary air flows are set to be constant, 
the values indicated in Table 3. The threshold of the tertiary air flow 
is set automatically according to the maximum allowed tempera¬ 
ture in the reactor and pressure drop over the bed. According to the 
identified material characteristics (Table 1), particularly the ash 
softening temperature, the maximum (1000 °C) possible gasifica¬ 
tion process temperature is selected. The maximum process tem¬ 
perature plays a role in the correction factor for the tertiary air flow 
control. When the temperature reaches a certain set point, the 
additional air supply to the reactor is disabled. 

For the feedstock automated feeding, the mechanical level 
measurement device equipped with two laser sensors was devel¬ 
oped to carefully follow the feedstock level inside the reactor. 
Because the reactor works under pressure, laser sensors were 
installed in the outer side of the reactor. Such a design prevents the 


contamination of sensors with tar, water condensation and/or dust. 
The laser sensor follows the movement of the lever, the mini¬ 
mum-maximum positions are recorded, and the ON/OFF signal is 
sent to the screw feeder motor. The empty space between the screw 
feeder and the maximum position of feedstock inside the reactor is 
always maintained so that blockages from swelling of the pelletized 
fuel are avoided [17]. 

The char discharge system consists of a movable grate and a 
screw conveyor for transporting the char to the storage tank. The 
conveyor works constantly and the movable grate works periodi¬ 
cally. A signal from the pressure sensor (P) is processed through a 
PID based controller in which the adjustable variable is a pause 
between the working periods. The grate working period is set to 3 s. 
For all of the tested types of feedstock, the set point pressure was 
3 kPa. The optimal pressure level of 3 kPa, for the presented 
modification of gasifier, was determined experimentally by 
manually controlling the gasifier. Determined, that a higher pres¬ 
sure results in an unstable operation of device with cyclical 
expelling a higher amount of producer gas, temperature variation 
and leaks; while a decrease in the pressure leads to an increase in 
the unreacted fuel content. 


2.4. Product sampling and analysis 

The producer gas samples were taken and analyzed using the 
Agilent 7890A gas chromatograph with two-channel heat con¬ 
duction detectors (TCD) and a set of valves. The first channel was 
used for separation of the O 2 , N 2 , CO 2 , CFI 4 , CO and light hydro¬ 
carbons, and the parallel second channel was used for FI 2 separa¬ 
tion. The species are detected based on the retention time of the 
specific species identified by calibration. 

In the course of the experiments, the samples of the condens¬ 
able species (tars) are taken simultaneously with the gas samples. A 
standard technique is used based on tar condensation in the solvent 
to determine the tar concentration in the gas flow exiting the 


Table 3 

Comparison of gasification performance of different feedstock. 


Parameter 

Mixed 
wood chips 

Softwood 

pellets 

Rape straw 
pellets 

Poultry litter 
pellets 

Sewage 

sludge-sawdust 

pellets 

Mix of sewage 
sludge/wood pellets 

Fuel load, kg/h 

63 

57 

47 

30 

28 

50 

Air flow, Nm 3 /h: 

61 

55 

49 

55 

49 

57 

primary 

30 

30 

30 

30 

30 

30 

secondary 

5 

5 

5 

5 

5 

5 

tertiary 

26 

20 

14 

20 

14 

22 

Air equivalence ratio (ER) 

0.21 

0.20 

0.29 

0.41 

0.39 

0.24 

Gas, Nm 3 /h 

130 

122 

109 

90 

87 

113 

Gas yield, Nm 3 /kg 

2.06 

2.14 

2.32 

3.00 

3.11 

2.26 

Average gas composition, vol.%: 

h 2 

16.40 

14.01 

14.43 

14.55 

14.00 

10.37 

CO 

22.60 

24.27 

14.59 

17.42 

16.40 

19.01 

ch 4 

4.80 

4.12 

4.06 

1.29 

1.05 

7.14 

C 2 H 2 

0.11 

0.13 

0.09 

0.07 

0.06 

0.10 

C 2 H 6 

0.08 

0.11 

0.06 

0.04 

0.05 

0.08 

c 3 h 8 

0.06 

0.03 

0.03 

0.03 

0.02 

0.06 

co 2 

11.05 

10.26 

11.8 

13.51 

9.20 

10.10 

N 2 

44.90 

47.07 

54.96 

53.09 

59.22 

53.14 

Gas LHV, MJ/Nm 3 

6.50 

6.21 

4.97 

4.32 

4.04 

6.23 

Char yield, kg/h 

3 

6 

6 

2.5 

4 

5 

Carbon content in char, wt.% 

82.10 

84.32 

55.43 

32.41 

34.92 

42.76 

Tar, g/Nm 3 

0.43 

3.31 

0.41 

1.11 

1.24 

2.15 

Superficial velocity, m/s: 

throat 

2.72 

2.55 

2.28 

1.88 

1.82 

2.37 

reduction 

0.51 

0.48 

0.43 

0.35 

0.34 

0.44 

Cold gas efficiency, % 

82.7 

75.1 

75.3 

80.7 

75.4 

82.7 

Hot gas efficiency, % 

90.4 

81.7 

83.7 

90.8 

86.2 

89.8 

Heart load, MW/m 2 

19.78 

17.68 

13.00 

9.57 

8.85 

16.42 
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reactor. The obtained tar samples are weighted and analyzed by a 
Varian GC-3800 gas chromatograph equipped with a flame ioni¬ 
zation detector. 

After each experiment, the char yield is weighted and carbon 
content using a Flash 2000 CHNS analyzer is measured. 

3. Results and discussion 

The aim of this work is to compare the performance of the 
constructed gasifier for production of substitute gas from various 
types of biomass and waste. Due to the limited volume of the 
feedstock hopper (0.3 m 3 ), the experiments lasted no longer than 
four hours. After 1 h of operation the gasification process becomes 
stable (Fig. 4) and the main parameters of the gasification device 
were evaluated (Table 3). The only parameter a pressure drop 
(subsection 3.1) in the reactor was analyzed when operating at a 
dynamic gasification mode. 

3 A. Pressure drop 

For pelletized or small particles containing feedstock gasifica¬ 
tion, the bed pressure drop becomes a very important process 
parameter. An example of how the pressure and temperature 
change in a reactor by varying air flow is shown in Fig. 4 for soft¬ 
wood pellets gasification. From the initiation of the gasification 
process at 9 h 00 min, the process occurred with automated grate 
control when the set point of reactor pressure was 3 kPa. After the 
parameters of stable gasification mode were acquired, at approxi¬ 
mately 12 h 15 min, the automated control of grate was changed to 
manual to investigate the pressure drop behavior as a function of 
the air flow. At first, the primary air set point increased from 30 to 



06:00 08:00 10:00 12:00 14:00 16:00 


Time history, h:min 

Fig. 4. The profiles of reactor pressure and temperatures at the different set point of air 
flow. Feedstock - softwood pellets. 


35 Nm 3 /h. As the air flow through the bed increased, the reactor 
pressure began to increase as well. At this point, a new pressure set 
point of 4 kPa was set in the reactor control panel to trigger the 
automated grate. After the increase in the primary air flow, the 
temperature at T3 increased by -100 °C. The other temperatures 
remain unchanged. After -40 min, the set point of the primary air 
was changed from 35 to 30 Nm 3 /h, and the secondary air set point 
was changed from 5 to 15 Nm 3 /h. In this way, the pressure drop 
reached almost 5 kPa. That implies that the pressure set point 
should be changed again to avoid residual char augmentation. An 
increase to the secondary air flow increases the temperature at T4 
in the reduction zone. Some temperature increases are seen also in 
the zone where thermocouples T5 and T6 are located. This exper¬ 
iment clearly shows the effect of the pressure drop on the change of 
the flow through the packed bed. 

3.2. Temperatures 

The internal reactor temperatures during the gasification of 
various feedstocks are shown in Fig. 5. At gasification of larger 
fractions fuel (wood chips) the highest temperature of 1100 °C was 
determined. The maximum temperature was measured by the T3 
thermocouple installed in the throat of the combustion zone. 
During gasification of pelletized feedstock, this temperature oscil¬ 
lated between 800 and 850 °C. The main factor limiting the tem¬ 
perature was that the predetermined operating pressure in the 
reactor achieves 3 kPa. Subsequently the discharge system changes 
the adjustable variable and removes more of char. Fligher temper¬ 
atures led to larger amounts of gaseous products and more intense 
gasification of the char residue. Flowever, previous experiments 
showed that after the pressure exceeds a certain threshold, the 
reactor becomes unstable and difficult to control. 

Due to intensive gasification reaction of hot char, the tempera¬ 
tures at the T4 and T5 thermocouples (Fig. 5) are lower than that at 
T3 for all cases, even though additional air is supplied to the 
reduction zone. Flowever, one difference stands out: the higher the 
ash content in the feedstock, the smaller the temperature drop in 
the reduction zone (Fig. 6). As the heat absorption decreases due to 
the less intensive char gasification reactions, the flue gas temper¬ 
ature T6 rises. 

As seen from the temperature fields, the softening temperatures 
were not exceeded and agglomeration of melted particulates was 
avoided for any of the tested feedstocks. The main reason pre¬ 
venting the particle agglomeration is right selection of the pressure 
in the reactor and additionally, air staging avoids the creation of 
local high-temperature zones. 

3.3. Fuel and air 

When different fuel types are used, the amount of feedstock 
capable of being supplied to the reactor changes depending on the 
upper pressure threshold. As the ash content in the feedstock in¬ 
creases, the maximum fuel load decreases to 28 kg/h (SSP) from the 
maximum of 63 kg/h (WC) or 57 kg/h (WP). This leads to a lower 
total producer gas flow, despite the yield of gas per kilogram of 
feedstock increasing. This occurs due to an increase in the air 
equivalence ratio because of the smaller amount of feedstock. 

During the experiments, the primary air flow remained constant 
at 30 Nm 3 /h for all cases. Further increases to the air flow do not 
directly cause temperature increases, only the demand for fuel in¬ 
creases. As the amount of feedstock increases, the heat produced by 
combustion is used for fuel volatilization and produces higher 
amounts of char, which further cause the pressure increase. 

At constant primary air flow, the temperature in the combustion 
zone always exceeds 800 °C for all tested fuel types. Therefore, this 
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Fig. 5. Temperature fields in an experimental downdraft reactor during gasifying various feedstocks. 


temperature threshold is sufficient for producing char without 
volatiles. An additional task is the efficient reduction rate of char, 
which depends greatly on the process temperature [18]. To achieve 
a high temperature in a continuously moving, low-porosity bed is 
difficult and requires a considerable amount of energy. However, 
this process is not complicated in empty spaces. The intent of the 
secondary air supply is to achieve high temperatures in the empty 
local space by combusting a part of the producer gas. This tem¬ 
perature is very easy to control and depends directly upon the 
supplied amount of air (Fig. 4, thermocouple T4). To avoid clinker 
formation due to the high ash content of some tested materials, the 
amount of secondary air was set to 5 Nm 3 /h. This resulted in the 
temperature in this zone varying between 720 and 820 °C for 
pelletized fuel and reaching approximately 950 °C for wood chips. 
The difference in temperature may be due to the overall heat bal¬ 
ance of the process. If a producer gas at a higher temperature enters 
from the combustion zone, less heat is required to achieve a higher 
temperature. 

The tertiary air was left as a variable to control the optimal 
condition between the pressure drop in the reactor and amount of 
the residual char. Additionally, the tertiary air oxidizes part of the 



Fig. 6. The behavior of the temperature (AT = T3-T5) drop in the reduction zone 
versus the ash content in the feedstock. 


producer gas to produce more heat for the intensification of the 
endothermic char gasification reaction. 

3.4. Producer gas 

The averaged producer gas composition, as shown in Table 3, 
differs for all of the tested feedstocks. The composition of the gas 
produced from wood chip gasification in this work agreed with that 
in Ref. [1]. The hydrogen content was highest compared to other 
tests using pelletized fuel. This may be related to the higher tem¬ 
peratures in the process and the more complete destruction of tar 
constituent containing greater amounts of hydrocarbons. The 
calculated net calorific value (LHV) (1) of the producer gas from 
wood chip gasification is equal to 6.5 MJ/Nm 3 . 

LHV = 10.792H 2 + 12.636CO + 35.818CH 4 + 56.469C 2 H 2 

+ 64.046C 2 H 6 + 93.185C 3 H 8 (1) 

For pelletized wood, the gas composition was slightly different 
than for bulk wood: the hydrogen concentration decreased to 
14.01 vol.%, and the methane concentration decreased to 4.12 vol.%, 
but the CO concentration increased to 24.27 vol.%. The LHV de¬ 
creases slightly to 6.21 MJ/Nm 3 . 

For the gasification of rape straw, poultry litter and sewage 
sludge-sawdust pellets, the concentration of hydrogen in the pro¬ 
ducer gas remains at 14 vol.%. The concentration of carbon mon¬ 
oxide varied slightly (see Table 3). The highest difference noticed 
was the concentration of methane. The average CH 4 volumetric 
concentration of 4.06 vol.% for rape straw was very similar to that 
obtained from gasification of woody feedstock, whereas for the 
pellets produced from poultry litter and sewage sludge, the con¬ 
centration decreased to 1.29 and 1.05 vol.%, respectively. The main 
reason for the methane concentration difference may be the higher 
ERs, in the range of 0.41 and 0.39, compared to a previous range of 
0.20-0.29 for other runs. More complete oxidation may primarily 
burn the gaseous products or provide extra steam for the steam 
reforming reaction. The highest methane concentration was pro¬ 
duced in the gasification experiment using a mix of dried sewage 
sludge/wood pellets. It was determined that the average methane 
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concentration in producer gas was 7.14 vol.%. The cause of the high 
methane yield is the methanation reaction that may occur via a 
series of complex of reactions [19,20]: 

3H 2 + CO CH 4 + H 2 0 - 206.28 kj/mol (2) 

CO + H 2 0 <-► C0 2 + H 2 - 41.16 kj/mol (3) 

2CO <-► C + C0 2 - 172.54 kj/mol (4) 

After the methanation reaction, the additionally produced 
methane increases the calorific value to 6.23 MJ/Nm 3 , compared to 
the case of pelletized sewage sludge where the calorific value was 
only 4.04 MJ/Nm 3 . 



Feedstock type 


3.5. Solid residues 


Fig. 7. The distribution of energy output for different feedstock. 


The residual char content is the key factor that demonstrate the 
efficiency of the feedstock conversion to a gaseous product. The 
remaining hot char not only reduces the efficiency of gasifier but 
also makes utilization troublesome for end users. In this work, the 
smallest amount of char of 4.8 wt.% observed during the gasification 
of wood chips (Table 3). For a feedstock using pelletized fuel, the 
amount of char remaining was higher and varied between 7.8 and 
14.3 wt.%. The main contributor to the char yield was the temper¬ 
ature field in the reactor and the pressure drop across the bed. 

The carbon content decreases with increasing ash content in the 
feedstock (Table 3). The highest carbon content was obtained for the 
gasification of both pelletized and chipped wood and was 84.32 and 
82.1 wt.%, respectively. The smallest carbon content was found in the 
char from the poultry litter pellets. Although the ash content in the 
raw material was not the smallest of the tested feedstocks, the 
amount of residual char was smaller than in cases with high ash 
content fuels. The main reason for this was a more complete reduc¬ 
tion of the char, which led to less residual material per fuel load. 


3.6. Energy balance 


An analysis of energy balance was carried out, and the cold and 
hot efficiencies were calculated to evaluate the performance of the 
downdraft gasifier for different feedstocks. 

Fig. 7 shows the distribution of the energy output for the different 
feedstocks. The main part of the chemically bound fuel energy is 
transformed to chemical energy in the producer gas. The trans¬ 
formation of energy to cold gases from WC and SSW was 81%. For WP, 
SP, PP and SSP the transformation percentage was 74,73,78 and 72%, 
respectively. The incomplete carbon conversion (residual char) leads 
to higher energy losses. If there was no residual char, the energy 
output to the producer gas could reach almost 89% for all feedstocks, 
considering the same sensible heat value of the gas. The other energy 
losses depicted in Fig. 7 account for the sensible heat of the char, both 
the sensible and chemical energy of the tar, energy losses through 
the walls of reactor and all do not exceed the value of 3%. 

The cold gas efficiency tjcg was calculated for two cases with (w/) 
and without (w/o) the heat recuperator. With the heat recuperator, 
the efficiency is calculated using the following formula: 


w/ 

^CG ~ 


V g LHV g 

M f LHV f 


100 % 


(5) 


where Vq is the producer gas flow (Nm 3 /h), M F is the feedstock feed 
rate (kg/h), UTV G is the lower heating value of the producer gas (kj/ 
Nm 3 ), and LHV F is the lower heating value of feedstock (kj/kg). 

When operating gasifier with heat recuperator a part of the heat 
is returned with preheated air. Consequently, less amount of fuel 


energy is required to rise the reaction temperature to an appro¬ 
priate level. The recovered amount of heat (Qa) is calculated as 
follows: 


Qa = Va c pa(Tat ~ To) (6) 

where Va is the volumetric primary air flow (Nm 3 /h), c p a is the 
specific heat of air (kj/m 3 I<) and T 0 and T Ar are the air temperatures 
before and after recuperator (K), respectively. 

In this work, no experimental tests were performed to investi¬ 
gate the influence of the heat recuperator on the gasifier perfor¬ 
mance. Thus, the cold gas efficiency of gasifier operating without 
the heat recuperator is calculated with the assumption that the 
recovered amount of energy is equal to additional feedstock energy, 
which is required to yield the same amount of energy output: 


w/o _ V g LHV g 

M F LHV F + V A C pA (T Ar 


^r-100% 

l o) 


(7) 


Fig. 8a shows the variation in the cold gas efficiency for different 
feedstocks. The highest cold gas efficiency without recuperation of 
81.2% was achieved for WC run. The lowest efficiency of 72.3% was 
achieved at gasification of pelletized sewage sludge/sawdust mix 
(SSP). By introducing heat recuperation, extra heat is recovered, 
and depending on feedstocks LHV F from 1.0 to 1.2 kg/h of the fuel is 
replaced. Accordingly, the cold gas efficiency increases with the 
increase of recovered heat in the primary air. Despite the air flow 
through the recuperator being kept constant for all experiments, 
the producer gas flow and temperature varied (Table 3 and Fig. 5). 
This led to different amounts of recovered energy. The minimum 
observed increase in efficiency was 1.4% for WP, whereas the 
maximum observed increase in efficiency was 3.1% for SSP. 

The presented gasifier system is configured for producer gas 
combustion without being cooled to function with boilers or fur¬ 
naces. Therefore, the hot gas efficiency, by taking into account the 
sensible heat of producer gas, has a greater impact on the evalua¬ 
tion of gasifier performance. With the same assumption as in cal¬ 
culations of cold gas efficiency, the hot gas efficiency tihg was 
calculated for two cases with (8) and without (9) heat recuperation: 


w/ _V G LHV G + V/ G C pG (T Gr 
Vlic JWpLHVp 


To) 


100 % 


(8) 


where c pG is the specific heat of producer gas (kJ/m 3 K), To is the 
temperature at STP conditions (I<), and I G r is the gas temperature 
after recuperator (I<). 
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Fig. 8. The cold (a) and hot (b) gas efficiency w/ and w/o heat recuperator for different feedstock. 


wo _ V'gLHVg + V c C p c(T c - To) 

Vhg M F LHV F + v A c pA (r Ar -r 0 ) 


100 % 


(9) 


where T c is the gas temperature at the exit of gasifier (K). 

The calculated hot gas efficiency results are presented in Fig. 8b. 
The sensible heat of the hot gases increases the efficiency from 6.6 
to 10.9% for WP and SSP, respectively, compared with the cold gas 
efficiency without heat recuperation. After heat recuperation, the 
amount of sensible heat of the gas decreases with the preheating of 
the primary air. Accordingly, less of the feedstock is consumed, but 
the heat loss increases and the hot gas efficiency marginally 
decreases. 

As the calculation of gasification efficiencies showed, when 
using the gasifier for direct heat and electricity production in an ICE 
or gas turbine, heat recuperation is essential. In the case of the 
direct combustion of the gas, the heat recuperator is not necessary. 
The preheated air does not influence the performance of the 
gasifier because the amount of recuperated heat is negligible 
compared with the heat generated by the partial combustion of the 
feedstock. If the additional heat can be provided from another 
source, such as high temperature steel or glass furnaces, the heat 
recuperator is still essential. 


4. Conclusions 

In this study, experimental investigations were performed in a 
throated downdraft gasifier with different types of non-pelletized 
and pelletized biomass and waste to compare the process perfor¬ 
mance and to estimate the possibility of gasifying various waste 
types in a single fully automated device. The experimental analysis 
revealed the differences of process parameters associated with the 
gasification of lump and pelletized fuel. The main differences be¬ 
tween these types of feedstock are the temperature of the gasifi¬ 
cation process, the pressure drop and the residual content. For the 
gasification of larger feedstocks, such as wood chips, the maximum 
established reaction temperature was 1100 °C, whereas for pellet¬ 
ized biomass and waste, the temperature varied between 800 and 
850 °C. The main reason preventing a higher temperature was to 
control the increasing pressure in the reactor. Lower process tem¬ 
peratures and automated pressure controls removing portions of 
the feedstock increase the residual char amount from 4.8 wt.% in 
the case of wood chips to 14.3 wt.% in the case of sludge/sawdust 
pellets. The producer gas composition and yield vary with the 
feedstock type in the range of 2.06-3.11 Nm 3 /kg with calorific 


values of 6.5-4.04 MJ/Nm 3 . All of the above differences influence 
the process efficiency. The maximum cold gas efficiency of 82.7% 
was achieved for two runs using wood chips and a mix of sewage 
sludge/wood pellets. The lowest efficiency of 75.1—75.4% was 
determined for the remaining three types of pelletized fuels: wood, 
rape straw and sewage sludge-sawdust. The sensible heat of the hot 
gases increases the efficiency from 6.6 to 10.9%. 

It can be concluded that although the process performance 
varies with the feedstock type, the selected preprocessed biomass 
and waste could be gasified in a single, properly automated 
downdraft gasifier. For the explored gasifier type, the main 
parameter influencing process automation is the pressure drop 
threshold in a bed, which depends on the nature and load of the 
feedstock, the amount of air flowing and the yield of generated 
producer gas. The residual discharge and fuel feed can be controlled 
according to optimized the pressure value, whereas air flow supply 
automation is possible due to tertiary air adjustments and must be 
followed by a char discharge system. 
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